Time-space diagrams are commonly used to solve a wide variety of transportation problems. Typ-2 ically, we use the variable x to denote the distance traveled along a guideway from some arbitrary 3 reference point, and another variable t to denote the time elapsed from an arbitrary instant (1) . 4 By studying how the position of a vehicle changes over time, we can better understand the perfor- 5 mance characteristics of the transportation system under analysis. 6 The biggest challenge in using a time-space diagram is collecting sufficiently accurate data 7 to build one (2). Time-space diagrams came into prominence in the 1950s and 1960s when trans-8 portation engineering was in its infancy. Back then, data collection was tedious and expensive. 9 Today, it is standard practice for transport operators to know where all their vehicles are at all 10 times. For example, bus operators routinely use bus location data to inform passengers when the 11 next bus is arriving while taxi operators use real time taxi GPS data in their booking systems. 12 All this data is location based, and contains at the bare minimum a position (latitude and 13 longitude) and time stamp. In this paper, we propose using such data to build time-space diagrams 14 for use in the analysis and visualization of transportation operations. The main contributions of 15 this paper are: 16 • a way to efficiently store vehicle trajectories as line segments in 3D space for fast retrieval 17 • simple geometric methods inspired by the time-space diagram that apply intersection 18 tests with these line segments to find vehicle headways and spacing, 19 • a visualization and analysis tool that can allow transit operators and regulators to better 20 understand network performance and behavior, 21 • a brief discussion on how any transportation system with big data capability can use time 22 space diagrams to monitor service levels, network capacity and delays 23 
Related Work

24
Time-Space Diagrams
25
Time-space diagrams study how vehicles move in time, and are regularly used to determine the 26 maximum throughput of airport runways (3), devise optimal train schedules (4) and coordinate 27 traffic lights (5) . 28 We find it convenient to plot x on the x-axis and t on the y-axis as in Figure 1 understand the social interactions of people and place. In its typical form, the cube has on its base 6 a representation of geography e.g. a city map, while the cube's height represents time (z-axis) (7).
7
As in the time-space diagram, trajectories are represented by joining together x, y and t 8 points belonging to the same vehicle so as time progresses, the trajectory moves upwards in time. We motivate our approach and describe the data we use for this study in Sections 3 and 4. Section 5 20 formulates the problem, defines notation and suggests a way to efficiently store and query our data 21 using a spatial index. In Section 6, we show how our methods, packaged in an app, could be used 22 to solve the real world problem of bus bunching by allowing users to compute and visualize bus 23 headways and spacing easily and intuitively. Finally in Section 7, we consider how our work could This has traditionally required the use of observers to survey bus passenger loads, frequency and 9 reliability, an expensive and time consuming task. In this paper, we show how we can use Big Data 10 to replace these surveys with a visual analysis tool that uses time-space diagrams to capture the 11 performance metrics for an entire bus network with greater accuracy, lower cost and at scale.
12
DATA
13
The bus dataset (2 GB) we used was made available through a recent initiative by the LTA to to and the bus stop ID of the bus stop the bus is at, we can cross reference this with an index of the 8 GPS locations of each bus stop to reproduce the bus's trajectory. 9 FIGURE 3 : Bus headways and separation visualized. Consider two buses, a and b, with bus b ahead of bus a on a straight road segment. The vertical line at a given abscissa identifies vehicles at a given time (represented by a horizontal plane). The spacing between two buses s ab (t 0 ) = X b X a at a particular time t 0 is found by taking the difference in abscissa of the intersection points of the bus trajectories and the horizontal plane. Similarly, the horizontal line at a specified ordinate identifies the time at which a vehicle passes a location (represented by a vertical plane). The headway h ab (x 0 ) = T a T b at a particular location x 0 is found by taking the difference in ordinate of the intersection points of the bus trajectories and the vertical plane.
PROBLEM FORMULATION
10
In this section we formulate the problem, define notation and propose an efficient method for 11 storing and querying our bus data. Consider the task of monitoring service levels by finding mean 12 bus headway and spacing at any location on the bus route over some time interval. We define a 13 trajectory to consist of points p 1 , p 2 , ..., p n where each point p is a 3-tuple consisting of a longitude 14 x, latitude y, and a timestamp t as was observed by the automatic vehicle location system at location 15 (x, y) at time t. Since each trajectory consists of a path in time-space, it is natural for us to represent the trajectory as a series of ordered line segments l 1 , l 2 , ..., l n 1 in a time-space cube. Our solution is to store our line segments in an R-tree, a data structure similar to a balanced binary 7 search tree that is commonly used to index geometric objects such as points, lines and polygons 8 (10, 11, 12, 13). The basic idea of the R-tree data structure is to group nearby trajectories and 9 represent them with the minimum bounding rectangle that completely contains these trajectories 10 in the next higher level of the tree. Queries on R-trees are fast because we can use these bounding 11 rectangles to decide whether or not to search inside the subtree. In this way, most of the nodes in 12 the tree are never read during a search.
13
For each line segment l i , we build an axis aligned bounding box (the smallest box within 14 which contains all the points on the line) that has as its start and end vertices, points p i and p i+1 .
15
We then add line segments to the R-tree one at a time so that the bounding box of each parent node to add a single bus line (both inbound and outbound for one day) to the spatial index. This is fast 20 enough for our purposes since our app, described in Section 6, only loads new data from different 21 days or bus lines when requested by the user.
22
Other methods to index line segments are possible e.g. by incoming and outgoing bus 23 stops, but this is more computationally expensive because it requires us to keep a reference to each 24 trajectory that enters and leaves every bus stop as well find the specific pair of bus stops that line 25 segment "cuts".
26
Headways and Spacing
27
Recall that the time between successive buses gives you the headway and the distance, the spacing.
28
Consider two successive trajectories a and b. On a time-space diagram with x on the x-axis and t 29 on the y-axis, the headway at x = x 0 , h ab (x 0 ), can be found by measuring the distance between the 30 intersection of a and b with the vertical line at some fixed x 0 . Similarly, the spacing at t = t 0 , s ab (t 0 ), To explore the potential of using the time-space diagram with big data to better understand trans-10 portation network performance and behavior, we developed a visualization and analysis app ( There has been significant research interest in designing control mechanisms to reduce bus 7 bunching (19, 20, 21) but before such control systems can be implemented, the bus operator needs 8 to be able to quantify the severity of the problem. This is typically done with a traditional time- 9 space diagram by plotting the bus's position along the route on the y-axis and time on the x-axis.
10
But this approach abstracts the bunching problem away from geography. Our app, described in the 11 next section, improves on this by allowing the user to easily identify and visualize bus bunching 12 events temporally and spatially at any arbitrary point along a bus route and zoom in on problem 13 areas.
14 Interface Design and User Interaction
15
We chose to prototype our app in java primarily because this allowed us to build on previous work pink. Trajectories are colored according to how full each bus is. Green for empty and red for full. 23 As in Section 2.1.2, the x-axis, y-axis and z-axis correspond to longitude, latitude and time.
24
On the right is the "Map Selection View" ( Figure 4B ) which allows users to drop markers 25 on a zoomable map to define the plane that will be used in the intersection tests mentioned in route number, route direction they are interested in (inbound or outbound), the type of statistics 28 they want to view (headway or spacing) and the time period (00:00 hrs -24:00 hrs).
29
Headways
30
To find the average headway at a specific point on the route for a specified time interval, the user This is equivalent to recording the times at which busses pass by a stationary observer. To find the average spacing of vehicles along a road segment, the user drops two markers (an X 3 and O) at the start and end points ( Figure 6B ). This automatically generates a rectangle bounding 4 box defining the horizontal time-slice that is used to find intersecting trajectories. 5 The user then selects the start time and presses the run button to retrieve a list of intersecting 6 trajectories and their intersection points. As before, the app calculates the average spacing and 7 standard deviation and displays the results in a chart ( Figure 7B ). This is equivalent to taking an 8 aerial photograph (represented by the light orange area in Figure 6B ) of the road segment at a point The methods and algorithms described in this paper are general, and can be applied to any 20 transportation system that collects data with a time-space component. We believe they can be used 21 as the basis for a visualization and analysis tool that will enable transit operators and regulators to 22 better understand network performance and behavior and monitor service levels, network capacity 23 and delays.
24
The individual parts of this tool are well known in their respective fields: Time-space dia- 
